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1. 

LASER DODE AND METHOD FOR 
FABRICATING SAME 

This application is a divisional application from, and 
claims the benefit of U.S. patent application Ser. No. 1 1/600, 
604 filed Nov. 15, 2006 now U.S. Pat. No. 7,769,066 to 
Chakrabory et al., also entitled “Laser Diode and Method for 
Fabricating Same.” 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to laser diodes, and more particularly 

to nitride based semiconductor laser diodes and methods for 
fabricating same. 

2. Description of the Related Art 
A laser is a device that produces a beam of coherent light as 

a result of stimulated emission. Light beams produced by 
lasers can have high energy because of their single wave 
length, frequency, and coherence. A number of materials are 
capable of producing alasing effect and include certain high 
purity crystals (such as ruby), semiconductors, certain types 
of glass, certain gasses including carbon dioxide, helium, 
argon and neon, and certain plasmas. 
More recently there has been increased interest in lasers 

made of semiconductor materials. These devices typically 
have a smaller size, lower cost, and have other related advan 
tages typically associated with semiconductor devices. Semi 
conductor lasers are similar to other lasers in that the emitted 
radiation has spacial and temporal coherence, and like other 
lasers, semiconductor lasers produce a beam of light that is 
highly monochromatic (i.e. of narrow bandwidth) and is 
highly directional. Overall, semiconductor lasers provide 
very efficient systems that are easily modulated by modulat 
ing the current directed across the devices. Additionally, 
because semiconductor lasers have very short photon life 
times, they can be used to produce high-frequency modula 
tion. 
One type of semiconductor laser diode is referred to as an 

edge emitting laser where the stimulated emission is from the 
side surface or edge of the laser diode. These devices typically 
have epitaxial layers in the form of waveguiding or reflective 
elements (cladding layers) with a light generating active 
region between the reflective elements. Additional layers can 
be included between the reflective elements to form a laser 
cavity. The edges of the laser diode can be cleaved during 
manufacturing to form edge reflective Surfaces. A total reflec 
tivity (TR) material can cover one edge, and an anti reflectiv 
ity (AR) material can cover the opposite edge. Light from the 
active region is reflected between the edges and within the 
cavity by the reflective elements, with stimulated emission 
emitting from the edge with the AB material. 
A known characteristic of laser diodes (and light emitting 

diodes) is that the frequency of radiation that can be produced 
by the particular laser diode is related to the bandgap of the 
particular semiconductor material. Smaller bandgaps pro 
duce lower energy, shorter wavelength photons, while wider 
bandgaps produce higher energy, shorter wavelength pho 
tons. One semiconductor material commonly used for lasers 
is indium gallium aluminum phosphide (InGaAlP), which 
has a bandgap that is generally dependant upon the mole of 
atomic fraction of each element present. This material, 
regardless of the different element atomic fraction, produces 
only light in the red portion of the visible spectrum, i.e., about 
600 to 700 nanometers (nm). 

Laser diodes that produce shorter wavelengths not only 
produce different colors of radiation, but offer other advan 
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2 
tages. For example, laser diodes, and in particular edge emit 
ting laser diodes, can be used with optical storage and 
memory devices (e.g. compact disks (CD) digital video disks 
(DVD), high definition (HD) DVDs, and Blue Ray DVDs). 
Their shorter wavelength enables the storage and memory 
devices to hold proportionally more information. For 
example, an optical storage device storing information using 
blue light can hold approximately 32 times the amount of 
information as one using red light, using the same storage 
space. There are also applications for shorter wavelength 
laser in medical systems and projection displays. This has 
generated interest in Group-III nitride material for use in laser 
diodes, and in particular gallium nitride (GaN). GaN can 
produce light in the blue and ultra violet (UV) frequency 
spectrums because of its relatively high bandgap (3.36 eV at 
room temperature). This interest has resulted in develop 
ments related to the structure and fabrication of Group-III 
nitride based laser diodes For example see U.S. Pat. Nos. 
5,592.501 and 5,838,786 to Edmond et al. 

Group-III nitride laser diodes can require relatively high 
threshold currents and Voltages to reach laser radiation 
because of optical and electrical inefficiencies. These 
elevated current and Voltage levels can result in heat being 
generated during laser diode operation. In certain applica 
tions, laser diodes are driven by a pulsed signal that results in 
pulsed laser light being emitted from the laser diode. The heat 
generated within the laser diode typically does not present a 
problem during pulsed laser diode operation because the laser 
diode has the opportunity to cool during the lows of the signal. 
For other important applications, however, it can be desirable 
to drive the laser diode with a continuous wave (CW). CW 
operation is particularly applicable to operation with optical 
storage devices that can require a continuous light Source for 
data storage and retrieval. Driving many current Group-III 
based laser diodes with a CW having the threshold current 
and Voltage necessary for laser emission can result in heating 
that can damage ordestroy the laser diode. Heat sinks or other 
cooling methods/devices can be employed to reduce operat 
ing heat within these laser diodes, but the methods/devices 
can increase the cost and complexity of the devices and can 
require additional space. 

SUMMARY OF THE INVENTION 

The present invention is generally directed to laser diode 
epitaxial structure having improved operating characteristics 
and improved reliability, and methods for fabricating the 
epitaxial structures. The improved operating characteristics 
include operation as reduced current and Voltage thresholds, 
which allow for efficient operation at reduced temperature. 
One embodiment of a laser diode according to the present 

invention comprises an active region sandwiched between 
first and second waveguiding elements, and a compliance 
layer. The first waveguiding element is on the compliance 
layer with the compliance layer reducing strain between the 
first waveguiding element and other laser diode layers. The 
first waveguiding element has a higher index of refraction 
than a first waveguiding element in a similar laser diode 
without the compliance layer. 
One embodiment of a Group-III nitride laser diode accord 

ing to the present invention comprises an InGaN compliance 
layer on a GaN n-type contact layer and an AlGaN/GaN 
n-type strained Super lattice (SLS) on said compliance layer. 
An n-type GaN separate confinement heterostructure (SCH) 
is on said n-type SLS and an InCiaN multiple quantum well 
(MQW) active region is on the n-type SCH. A. GaN p-type 
SCH on the MQW active region, an AlGaN/GaN p-type SLS 



US 8,679,876 B2 
3 

is on the p-type SCH, and a p-type GaN contact layer is on the 
p-type SLS. The compliance layer has an In percentage that 
reduces strain between the n-type contact layer and the n-type 
SLS compared to a laser diode without the compliance layer. 
One embodiment of a method according to the present 

invention for fabricating a Group-III nitride laser diode com 
prises growing an n-type contact layer on a Substrate at a 
temperature within a first growth temperature range. An 
n-type compliance layer is grown on said n-type contact layer 
at a temperature within a second growth temperature range 
that is lower than said first growth temperature. An n-type 
waveguiding element is grown on said compliance layer at a 
temperature within said first growth temperature range, said 
waveguiding element grown with a higher index of refraction 
compared to laser diodes without said compliance layer. An 
n-type separate confinement heterostructure (SCH) on said 
n-type waveguiding element, an active region is grown on 
said n-type SCH, a p-type SCH is grown on said active region, 
and a p-type waveguiding element is grown on said p-type 
SCH. 

These and other further features and advantages of the 
invention will be apparent to those skilled in the art from the 
following detailed description, taken together with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is sectional view of one embodimentofalaser diode 
according to the present invention at fabrication step where it 
has a contact layer on a Substrate; 

FIG. 2 is a sectional view of the laser diode in FIG. 1, with 
compliance layer and cap layer on the contact layer; 

FIG. 3 is a sectional view of the laser diode in FIG. 2 with 
a strained-layer Supperlattice (SLS) on the cap layer, 

FIG. 4 is a sectional view of the laser diode in FIG. 3 with 
a separate confinement heterostructure (SCH) layer on the 
SLS and an undoped layer on the SCH layer; 

FIG. 5 is a sectional view of the laser diode in FIG. 4 with 
a multiple quantum well (MQW) active region on the 
undoped layer, 

FIG. 6 is a sectional view of the laser diode in FIG. 5 with 
a blocking layer on the MQW active region; 

FIG. 7 is a sectional view of the laser diode in FIG. 6 with 
a SCH layer on the blocking layer; 

FIG. 8 is a sectional view of the laser diode in FIG. 7, with 
a SLS on the SCH layer; 

FIG. 9 is a sectional view of the laser diode in FIG. 8, with 
a contact layer on the SLS: 

FIG. 10 is a sectional view of one embodiment of a laser 
diode according to the present invention with contacts; 

FIG. 11 is a sectional view of another embodiment of a 
laser diode according to the present invention with contacts; 
and 

FIG. 12 is a sectional view of still another embodiment of 
a laser diode according to the present invention with contacts. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides high reliability, high output 
power nitride-based laser diode characterized by reduced 
threshold current densities and reduced threshold voltages. 
The present invention is particularly applicable to continuous 
wave operation laser diodes, although it can also be used in 
pulsed wave operation laser diodes. The reduced current and 
voltage thresholds result in lower heat build-up in the laser 
diode during operation, which in turn reduces that likelihood 
of damage or destruction of the device due to overheating. 
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4 
The present invention is also directed to methods for fabri 
cating laser diodes with these characteristics, and although 
the present invention is generally directed to nitride-based 
laser diodes it is understood that it can also be applied to laser 
diodes made of other material systems. 
The improved threshold and current characteristics result 

in the laser diode operating at lower temperature without the 
need for external heat management elements, such as heat 
sinks. The improved laser diodes according to the present 
invention can operate at many different threshold currents and 
Voltages, with preferred laser diodes operating with a thresh 
old current of less than 5 kA/cm and threshold voltage less 
than 5 volts (V). One embodiment of a laser diode according 
to the present invention has threshold current in the range of 
2-4 kA/cm and threshold voltage in the range of 4-5V, pro 
viding an output power of at least 25 mW. These lower thresh 
old Voltages and currents are a factor in lowering the laser 
diode's operating temperature. 
The improved threshold current and voltage characteristics 

are realized by improving the waveguiding within the laser 
diode. Such as by improving the guiding efficiency of the 
waveguiding elements. Each of the waveguiding elements 
can comprise waveguide cladding layers in the form of 
strained-layer superlattice (SLS). By increasing the index of 
refraction of the layers, guiding efficiency can be improved 
and less loss is experienced as light from the laser diode's 
active region is guided by the waveguiding elements. With 
less loss, stimulated emission can be achieved with lower 
threshold currents and Voltages. 

In one embodiment according to the present invention, the 
laser diode is made from the Group-III nitride material sys 
tem and in particular is made from aluminum gallium nitride 
and gallium nitride material (A1GaN/GaN). As used herein, 
the term “Group III nitride' refers to those semiconducting 
compounds formed between nitrogen and the elements in 
Group III of the periodic table, usually aluminum (Al), gal 
lium (Ga), and/or indium (In). The term also refers to ternary 
and quaternary compounds, such as AlGaN and AlInGaN. As 
well understood by those in this art, the Group III elements 
can combine with nitrogen to form binary (e.g., GaN), ternary 
(e.g., AlGaN and AlInN), and quaternary (e.g., AlInGaN) 
compounds. These compounds all have empirical formulas in 
which one mole of nitrogen is combined with a total of one 
mole of the Group III elements. Accordingly, formulas Such 
as AlGaN, where 0sXs 1, are often used to describe them. 
In Group-III nitride laser diodes, the index of refraction of at 
least one of the waveguide elements is increased by arranging 
the laser diode so that aluminum (Al) mole fraction in the 
waveguiding element is increased. 

In one embodiment according to the present invention, the 
waveguide elements can be fabricated with high Al content 
waveguide elements by employing a compliance layer to 
provide strain relief. Without this strain reliefthere is a danger 
of cracking and other forms of degradation when growing 
high Al content Group-III nitride (AlGaN/GaN) waveguiding 
elements. Different compliance layers can be used with one 
embodiment according to the present invention comprising a 
low temperature (LT) high indium (In) containing indium 
gallium nitride (InGaN) compliance layer, with an In percent 
age between 8 and 15 percent (%). Because of the reduced 
strain with other device layers as a result of the compliance 
layer, the waveguide cladding layers can have an Al contentin 
the range of 15 to 20%, although other AL percentages can 
also be used. The higher AL content results in a larger differ 
ence in index of refraction with the active region which allows 
for the waveguide cladding layers to provide improved 
waveguiding. 
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Laser diodes according to the present invention can also 
have other improvements to allow for improved operating 
characteristics. Some of these include having the quantum 
well interface roughness reduced by adopting slower growth 
rate for the device n-type separate confinement heterostruc 
ture (SCH). Accordingly, the n-type SCH layer provides a 
Smooth and uniform epitaxial layer upon which the quantum 
well active region can be formed. The p-contact resistance, 
and as result the threshold voltage, can also be reduced by 
employing a thicker and heavily doped p-type GaN cap layer 
and by reducing the doping level of the layers in the n-type 
SLS structure. Laser diodes according to the present inven 
tion can also comprise a high temperature (HT) growth p-type 
SCH layer and a low temperature (LT) growth p-SLS layer. 
The p-type SCH is grown at high temperature to assist Mg 
diffusion back into the p-A1GaN cap. 
The present invention is described herein with reference to 

certain embodiments but it is understood that the invention 
can be embodied in many different forms and should not be 
construed as limited to the embodiments set forth herein. It is 
also understood that when an element or component is 
referred to as being “on”, “connected to’ or “coupled to 
another layer, element or component, it can be directly on, 
connected to or coupled to the other layer element or compo 
nent, or intervening elements may also be present. Further 
more, relative terms such as “inner”, “outer”, “upper, 
“above”, “lower”, “beneath', and “below', and similar terms, 
may be used herein to describe a relationship of one compo 
nent or element to another. It is understood that these terms 
are intended to encompass different orientations of the device 
in addition to the orientation depicted in the figures. 

Although the terms first, second, etc. may be used hereinto 
describe various layers, elements, components and/or sec 
tions, these layers, elements, components, and/or sections 
should not be limited by these terms. These terms are only 
used to distinguish one layer, element, component, or section 
from another. Thus, a first layer, element, component, or 
section discussed below could be termed a second element, 
component, or section without departing from the teachings 
of the present invention. 

Embodiments of the invention are described herein with 
reference to cross-sectional view illustrations that are sche 
matic illustrations of idealized embodiments of the invention. 
It is understood that many of the layers will have different 
relative thicknesses compared to those shown and that the 
laser diodes will have different shapes. Further, variations 
from the shapes of the illustrations as a result, for example, of 
manufacturing techniques and/or tolerances are expected. 
Embodiments of the invention should not be construed as 
limited to the particular shapes of the regions illustrated 
herein but are to include deviations in shapes that result, for 
example, from manufacturing. A region illustrated or 
described as square orrectangular will typically have rounded 
or curved features due to normal manufacturing tolerances. 
Thus, the regions illustrated in the figures are schematic in 
nature and their shapes are not intended to illustrate the pre 
cise shape of a region of a device and are not intended to limit 
the scope of the invention. 

Referring now to the drawings and in particular FIGS. 1-9, 
a laser diode 10 according to the present invention is shown at 
different steps in the fabrication process. A single laser diode 
10 is shown, but it is understood that more typically many 
laser diodes are fabricated on a single substrate wafer, with 
the devices then being separated into individual devices using 
known processes, such as scribe and break processes. 

Laser diodes can be formed on a Substrate wafer using 
known fabrication processes such as growth in a reactor by 
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6 
metalorganic chemical vapor deposition (MOCVD). Under 
Some circumstances carbon can form in the semiconductor 
material comprising the laser diode that can interfere with 
light output. To minimize carbon formation, the laser diode 
structure can be grown at high pressure within the MOCVD 
reactor, Such as at atmospheric pressure. Carbon build-up can 
also be minimized by using a high VIII ammonia ratio during 
growth, and by using a slower growth rate. Many different 
precursors can be used during MOCVD growth including but 
not limited to trimethylgallium (TMGa), tiethylgallium 
(TEGa), trimethylaliminum (TMA1), tiemethylindium 
(TMIn), Bis(cyclopentadieny)Magnesium (Cp2Mg), silane 
(SiH) and ammonia (NH). 

FIG. 1 shows one embodiment the laser diode 10 at an early 
step in the fabrication process comprising a Substrate 12 that 
can be made of many different materials including but not 
limited to sapphire, silicon carbide, with the preferred laser 
diode 10 being formed on a free-standing GaN substrate or a 
lateral epitaxial overgrown (LEO) GaN template. N-type con 
tact layer 14 is grown on the Substrate 12 that comprises a 
material Suitable for spreading current from an n-contact to 
the active region. Forlaser diodes that are formed on conduc 
tive substrates, the n-contact can be formed on the substrate 
12 and current conducts through the substrate to the active 
region of the laser diode 10. For laser diodes formed on 
non-conductive substrates or substrates that do not efficiently 
spread current, a lateral geometry can be used for contacting 
the device. As further described below for lateral geometry, 
the laser diode 10 can be etched to form a mesa in the contact 
layer 14 and the n-contact is deposited on the contact layer 
mesa. Current spreads from the contact, through the n-type 
layer 14 and to the laser diode's active region. 

It is also understood that laser diodes formed on a conduc 
tive substrate can effectively spread current without the 
n-type contact layer 14, and that these embodiments can be 
arranged without the contact layer 14. It is further understood 
that other embodiments of the present invention can have the 
Substrate removed, and in those embodiments contact can be 
made directly to the epitaxial layers. 
The n-type contact layer 14 can be made of many different 

elements/materials doped with different elements in different 
densities. The preferred contact layer 14 comprises GaN 
doped with silicon (Si) having a doping density being 
between 1E17 to 1E19 cm. The contact layer 14 is normally 
grown at high temperature (e.g. 1000 to 1100° C.) and the 
preferred growth rate is 1.5 to 3 um/hr. The preferred 
MOCVD growth carrier gas is hydrogen with a 50% H/50% 
N subflow. 

FIG. 2 shows the laser diode 10 after additional growth 
steps to form a compliance layer 16 on the contact layer 14. 
The compliance layer is included to allow waveguiding ele 
ments to be grown with higher index of refraction, which in 
turn allows for the threshold current of laser operation to be 
lower. As described below, the waveguiding elements of some 
embodiments of the laser diode according to the present 
invention comprise waveguiding epitaxial layers that can be 
arranged in many different ways and can comprise many 
different structures. In one embodiment according to the 
present invention, the waveguiding epitaxial layers comprise 
a strained layer superlattice (SLS) made of AlGaN/GaN. The 
higher the Al content of the SLS the higher the index of 
refraction and the more efficient the guiding of active region 
light. Without the compliance layer, however, a good quality 
SLS may not be reliably formed. The strain between the 
contact layer 14 and the SLS structure could cause the high Al 
content layers to degrade or crack. 
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To reduce the danger of degradation and cracking, the 
compliance layer 16 includes one or more elements that help 
reduce the strain between the contact layer 14 and SLS. In the 
one embodiment according to the present invention, the com 
pliance layer 16 can comprise n-type InGaN layer grown 
by with Si doping. The In element in the compliance layer 
provides for the strain relief, with the desirable In composi 
tion (x) being between 0.08 and 0.12. It is understood that 
other compositions of (x) are also acceptable such as 0 to 0.08 
and 0.12 to 0.20 or more. Many different Sidoping densities 
can also be used with a suitable doping density being between 
1E17 to 1E19 cm. The preferred MOCVD growth carrier 
gas is nitrogen which assists in higher In incorporation, and 
the subflow can be 100% N. 

Because of the In element in the compliance layer, how 
ever, the compliance layer is typically grown attemperatures 
lower than the growth temperature of typical AlGaN/GaN 
layers. This lower temperature growth encourages. In incor 
poration into the material. Typical growth temperatures for 
InGaN are in the range of 700 to 1000° C. A., with a suitable 
growth temperature being 900° C. Subsequent device layers 
of AlGaN/GaN can be grown attemperatures in the range of 
1050-1 100° C. These elevated temperatures present a danger 
of desorption or burning of the In within the compliance layer 
16, that can negatively impact the operation and efficiency of 
the laser diode 10. To help reduce the danger, a thin low 
temperature (LT) n-type GaN:Si first cap layer 18 can be 
grown on the compliance layer to cap and protect the InGaN 
compliance layer 16. Growth of GaN at 900°C. is relatively 
slow but can be used because the cap layer is relatively thin. 
Growth at this temperature also provides the advantage of not 
significantly damaging or degrading the In in the InGaN 
compliance layer. The cap layer 18 protects the InGaN com 
pliance layer 16 during the temperature ramp-up for faster 
growth of Subsequent layers. 

FIG. 3 shows the laser diode 10 after additional growth 
steps, with an n-type SLS 20 formed on the cap layer 18 and 
compliance layer 16, with the cap layer 18 between the com 
pliance layer 16 and the n-type SLS 20. The n-type SLS 20 
can comprise different layers made of many different mate 
rials, with a preferred SLS being an n-type AlGaN/GaN:Si 
modulation-doped SLS. The SLS is preferably grown by 
Si-doping the GaN layer(s) only. The preferred thickness of 
the AlGaN and GaN:Silayers is between 2-3 nm and the 
desirable growth rate is between 0.5-2A/s, which encourages 
Al incorporationathigh pressure during growth of the A1GaN 
layers. The preferred growth carrier gas is hydrogen with 50% 
H/50% N subflow and high growth temperature is normally 
desired (e.g. approximately 1050° C.). The doping density of 
the GaN layer(s) is between 1E17 to 1E19 cm and the most 
desirable 
As discussed above, the compliance layer 16 allows for 

reliably growth of the n-type SLS 20 with a higher Al com 
position than could be grown without the presence of the 
compliance layer. The higher Al content allows the n-type 
SLS 20 to more efficiently reflect light emitted by the laser 
diode's active region. The AlGaN layer(s) of the n-type 
SLS 20 preferably have an (x) composition between 0.15 and 
0.2. Composition(x) in the ranges of 0.1 to 0.15 and 0.2 to 0.3, 
as well as other compositions are also acceptable. Higher Al 
compositions, however, can result in lower conductivity due 
to the increase in the ionization energy of the Si dopant. 
Lower Al compositions can result in poor wave-guiding 
because of reduced refractive-index of the SLS 20. The SLS 
20 can have many different thicknesses, with a preferred 
thickness being between 0.6 to 1.5um. 
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8 
FIG. 4 shows the laser diode 10 with an n-type separate 

confinement heterostructure (SCH) layer 22 formed on the 
SLS 20. The SCH layer 22 serves as part of the light path to 
the edges of the laser diode 10 and ultimately out the emission 
edge of the laser diode 10. The light from the active region 
traveling toward the waveguiding elements (n-type SLS 20 
and the p-type SLS described below) is reflected, and light 
traveling toward the laser diode's edges is reflected until 
stimulated emission is out one of the edges. The n-type SCH 
layer 22 and p-type SCH layer serve as the primary reflection 
cavity for this reflected light. 
SCH 22 can comprise many different materials doped in 

different densities by different elements. A preferred n-type 
SCH comprises an n-type GaN grown with Si doping at a 
doping density between 1E17 to 1E18 cm. The SCH can 
have many different thicknesses, with the preferred thickness 
being in the range of 0.07 to 0.15um. The preferred growth 
rate is in the range of 0.5 to 2A/s to make the top surface of the 
SCH Smooth and the preferred growth carrier gas is nitrogen 
with 100% N subflow. By keeping the SCH 22 top surface 
Smooth, Subsequent layers can be grown with better quality. 
For example, the active region can be grown with layers 
having more uniform thickness such that the active region can 
emit light with a more uniform wavelength. 
A thin undoped GaN layer 24 can be included on the n-type 

SCH, before growth of the multiple quantum well (MQW) 
active region. By having an undoped intrinsic material adja 
cent to the MQW active region, dopants are inhibited from 
flowing into the active region absent a driving current. The 
preferred thickness of the undoped GaN layer 24 is between 
5-12 nm. The desired growth rate is between 0.3 to 1.0 A?s to 
make the layers smooth and the preferred growth carrier gas 
is nitrogen with a 100% N subflow. 

FIG. 5 shows the laser diode 10 with an active region 26 
formed on the undoped GaN layer 24. The active region can 
comprise different layers arranged in different ways, with a 
preferred active region comprising a MOW region that can 
have different numbers of quantum wells and barrier layers. 
The preferred MQW region having three quantum wells. 
Quantum wells are included for confinement of electrons and 
holes to encourage recombination and the resulting light 
emission. In general, the larger the number of quantum wells 
within the MQW region typically results in increased gain 
volume. The greater the number of quantum wells in the 
MQW region also typically results in a higher necessary 
threshold Voltage. Three quantum wells allows for a good 
combination of current density gain with a relatively low 
threshold voltage. 

In one embodiment according to the present invention, 
MQW active region 26 comprises three quantum wells and 
associated barrier layers in an In, Ga., N/InGaN stack. 
The desirable composition of the quantum wells had (x) 
between 0.8 to 0.12 and that of the barrier layer has (y) 
between 0 to 0.04 for an approximate 405 nm emission wave 
length. The desired well width is between 3-5 nm and the 
desired barrier width is between 4-8 nm. The preferred 
growth temperature is relatively low, between 800 to 950° C. 
to assist in In incorporation and is grown in nitrogen carrier 
gas with 100% N subflow. The desired growth rate is slow, 
between 0.3 to 0.6 A?s, to make the interfaces smooth and to 
lower carbon incorporation into the active region. The pre 
ferred way of terminating the MQW region is by having a last 
well instead of a barrier. 

FIG. 6 shows the laser diode 10 with an electron blocking 
layer 28 formed on the MQW active region 26. The blocking 
layer 28 comprises a material that blocks electrons from 
passing from the MOW active region 26 into the p-type SCH 
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layer (shown in FIG. 7 and described below), but lets holes 
pass through to from the p-type SCHlayer to the MQW active 
region 26. By blocking electrons, the blocking layer encour 
ages recombination in the MQW active region 26. 
The blocking layer 26 can be made of many different 

materials doped in different ways. A suitable material p-type 
AlGaN achieved by Mgdoping and a suitable thickness of 
the layer is between 15-25 nm. The preferable method of 
depositing the layer is by a two step deposition process. First, 
a 1-10 nm AlGaN layer is grown at lower temperature, pref 
erably between 800 to 950° C. This low temperature growth 
helps reduce desorption and damage to the In in the MQW 
active region 26 that can be caused by higher temperatures. 
Second, the remaining blocking layer is grown at an elevated 
temperature, preferably between 900 to 1050° C. The pre 
ferred Al composition (x) of the blocking is between 0.15 to 
0.25 and the desirable Mg doping concentration is between 
7E18 and 3E19. The preferred growth carrier gas during 
deposition of the blocking layer 28 is nitrogen with a 100% 
N subflow and the preferred growth rate is 1-2 A?s. 

FIG. 7 shows the laser diode 10 having p-type separate 
confinement heterostructure (SCH) layer 30 formed on the 
blocking layer 28. The p-type SCH 30 can be made of many 
different materials doped in many different ways, with a 
preferred p-type SCH 30 made of p-type GaN grown with 
Mg-doping. As described above, the p-type SCH layer 30, 
along with the n-type SCH layer 22, serves as the primary 
light path out of the laser diode 10 between the waveguiding 
elements. The preferred Mgdoping density of the p-type SCH 
layer is between 1E18 to 5E19 cm and the preferred thick 
ness range is between 0.07-0.15 um. The preferred growth 
rate is between 1-2 A?s to make the layers smooth and the 
preferred carrier gas is hydrogen with a 50% H/50% N. 
subflow. The growth temperature for this layer is relatively 
high such as between 1000-1100° C. to assist uniform Mg 
diffusion in the p-AlGaN cap layer. 

FIG.8 shows the laser diode 10 with a p-type SLS32 grown 
on the p-type SCH layer 30. The p-type SLS32 can be made 
of many different layers and materials arranged in different 
ways but is preferably p-type AlGaNN/GaN:Mg modula 
tion-doped SLS grown Mg acceptors (dopants) in the GaN 
layer only. The preferred thickness of the AlGaN and the 
GaN:Mg layer is between 2-3 nm and the preferred growth 
rate is between 0.5-1 A/s to assist Al incorporation at high 
pressure. The preferred growth carrier gas is hydrogen with a 
50% H/50% N subflow. Lower growth temperature 
between 850-950° C. can be utilized to reduce In segregation 
in the underlying active region 26 during the long p-type SLS 
growth step at high temperature. The desired acceptor density 
is between 8E18 to 5E19 cm the desirable Al composition 
(x) is between 0.15 and 0.2. Compositions (x) in the range 
0.1-0.15 and 0.2 and 0.3 are also acceptable. Higher Alcom 
position results in lower conductivity due to the increase in 
the ionization energy of the Mg dopant. Lower Al composi 
tion results in poor wave-guiding because of reduced differ 
ence in refractive-index between the active layer and the 
cladding layer. The preferred p-type SLS 32 thickness is 
between 0.6-1.5 m. Thinner SLS can result in poor 
waveguiding and thicker SLS can result in cracking due to 
strain. 

FIG. 9 shows the laser diode 10 capped with a thin p-type 
contact layer32 that can be made of different materials doped 
in different ways, but is preferably p-type GaN by means of 
Mg-doping. The preferred doping density should be rela 
tively high, with one embodiment having a doping density 
between 1E19 to 5E20 cm. A doping ramp from low to high 
concentration can be utilized instead of a uniform doping 
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10 
concentration. In some embodiments a uniformly doped con 
tact layer 32 that is heavily doped can be hazy, which can 
interfere with efficient operation. By ramping up the doping 
concentration such that the last portion of the contact layer 32 
is highly doped, the contact layer typically will not turn haze. 
The preferred thickness range for the contact layer is between 
20-50 nm and a suitable growth rate is between 0.5-2A/s. The 
preferred carrier gas is hydrogen with a 50% H/50% N. 
subflow and the growth preferably is at relatively high tem 
perature between 1000-1100° C. 
The p-GaN cap layer 34 has relatively high doping and 

optimum thickness to allow for reduced threshold voltage. 
The higher the doping and the thinner the cap layer, the lower 
the Schottky barrier at the contact layer junction because of 
electron tunneling. The contact layer 34, however, cannot be 
too thin because the layer can then experience non-uniform 
doping. The contact layer 34 should have a sufficient thick 
ness to allow for uniform layer doping. The p-type SLS struc 
ture 32 has lower doping (but high Al content) compared to 
the p-type cap layer 34, to reduce threshold voltage. With 
higher doping of the SLS structure, there is a danger that 
precipitants from the doping material (e.g. Mg) can form that 
can be resistive. This can result in higher operating threshold 
Voltage. The lower doping, Such as in the range described 
above, can provide good quality materials with no precipi 
tates. This combination of highly doped and optimum thick 
ness p-type cap layer 34 with lower doped p-type SLS struc 
ture 32, can provide reduced threshold voltage for laser diode 
10. 

FIG. 10 shows on embodiment of a laser diode 50 having 
features described above to provide for low threshold current 
and voltage operation. For ease of illustration the specific 
layers are not shown in detail, but it is understood that the 
layers can be arranged as those shown in FIGS. 1-9. The laser 
diode 50 further comprises a p-contact 52 on the top surface 
of the laser diode 30, which will typically be the p-type 
contact layer 34 shown in FIG. 9 and described above. The 
p-contact can comprise many different materials, but is pref 
erably formed of combinations of nickel, gold and platinum 
(Ni/Au?Pt) deposited using know methods such as Sputtering. 
The laser diode 50 further comprises an n-contact 54 on the 
substrate 12 that is shown in the FIGS. 1-9 and described 
above. For laser diode 50 the substrate is conductive, which 
allows re-contact to be formed directly on the substrate. The 
re-contact can also be made of many different materials with 
Suitable materials being combinations of titanium and alumi 
num (Ti/Al). Current from the n-contact 54 flow through the 
substrate to the laser diode's active region. Pad metals can 
then be included on one or both of the p- and n-contacts 52,54 
and one or both can include an electrical connection, Such as 
through a wire bond. In other embodiments, the n-contact can 
be directly connected to a Submount Such as a printed circuit 
board (PCB). 

It is understood that the laser diode 50 can also operate 
without a substrate, with the substrate being removed follow 
ing growth of the laser diode. In those embodiments without 
the Substrate the n-contact can be on other layerS Such as the 
n-type contact layer shown as 14 in FIGS. 2-9 and described 
above, or on other layers. 

FIG.11 shows still another embodiment of a laser diode 60 
according to the present invention with a p-contact 62 and 
n-contact 64. The upper portion of the laser diode 60 has been 
etched to form a ridge through the upper portion of the laser 
diode 60. The ridge is arranged to provide optical and elec 
trical confinement during operation to increase efficiency. 
The p-contact is again on the top surface of the laser diode 60, 
which is also the top surface of the ridge 66 and is also the 
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p-type contact layer 34 (FIG. 9). The laser diode 60 also has 
a conductive substrate that allows for the n-type contact to be 
formed on the Substrate. The p-and n-type contacts 62, 64 can 
be made of the same material as contacts 52,54 shown in FIG. 
10 and described above, and pad metals can also be included 
on one or both of the contacts 62, 64. In other embodiments 
the n-contact can be contacted through a submount or PDB 
that the laser diode 60 is mounted to. 

FIG. 12 shows a laser diode 70 also comprising a p-contact 
72, n-contact 74 and a ridge 76, with the p-contact on the top 
surface of the ridge 76. For laser diode 70, however, the 
Substrate is not conductive, and as a result the n-contact 74 
cannot be formed on the substrate. Instead, a portion of the 
laser diode 70 is removed down to the n-type contact layer 
(element 14 described above and shown in FIGS. 2-9), such as 
by etching. A mesa 78 is formed in the n-contact layer for the 
n-contact 74. Current flows from the n-contact 74 through the 
n-contact layer and to the active region of the laser diode 70. 
The p- and n-type contacts can be made of the same material 
as those described above and can be deposited using the same 
methods. Pad metals can be included on one or both of the 
contacts 72, 74 and electrical connection can be made to both, 
Such as through wire bonds. 

Although the present invention has been described in con 
siderable detail with reference to certain preferred configu 
rations thereof, other versions are possible. Therefore, the 
spirit and scope of the appended claims should not be limited 
to their preferred versions contained therein. 

We claim: 
1. A method for fabricating a Group-III nitride laser diode, 

comprising: 
growing an n-type contact layer on a Substrate at a tem 

perature within a first growth temperature range; 
growing an n-type compliance layer on said n-type contact 

layer at a temperature within a second growth tempera 
ture range that is lower than said first growth tempera 
ture; 

growing a cap layer on said compliance layer at a tempera 
ture in said second temperature range to protect said 
compliance layer from temperatures in said first tem 
perature range used to grow Subsequent layers; 

growing an n-type waveguiding element and on said cap 
layer at a temperature within said first growth tempera 
ture range, said waveguiding element grown with a 
higher index of refraction compared to laser diodes 
without said compliance layer; 

growing an n-type separate confinement heterostructure 
(SCH) on said n-type waveguiding element; 

growing an active region on said n-type SCH: 
growing an undoped layer adjacent said active region on 

said n-type SCH: 
growing a p-type SCH on said active region; and 
growing a p-type waveguiding element on said p-type 
SCH. 

2. The method of claim 1, wherein said active region com 
prises multiple quantum wells. 

3. The method of claim 2, wherein said active region com 
prises three quantum wells. 

4. The method of claim 1, further comprising growing a 
p-type contact layer on said p-type SLS at a temperature 
within said first temperature range. 

5. A method for fabricating a Group-III nitride laser diode, 
comprising: 

growing an n-type contact layer on a Substrate at a tem 
perature within a first growth temperature range; 
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12 
growing an n-type compliance layer on said n-type contact 

layer at a temperature within a second growth tempera 
ture range that is lower than said first growth tempera 
ture; 

growing a cap layer on said compliance layer at a tempera 
ture in said second temperature range to protect said 
compliance layer from temperatures in said first tem 
perature range used to grow Subsequent layers; 

growing an n-type waveguiding element and on said cap 
layer at a temperature within said first growth tempera 
ture range, said waveguiding element grown with a 
higher index of refraction compared to laser diodes 
without said compliance layer; 

growing an n-type separate confinement heterostructure 
(SCH) on said n-type waveguiding element; 

growing an active region on said n-type SCH: 
growing a p-type SCH on said active region; and 
growing a p-type waveguiding element on said p-type 
SCH, wherein said n-type SCH, active region and p-type 
waveguiding element are grown at a temperature within 
said second growth temperature range, and said p-type 
SCH is grown at a temperature within said first tempera 
ture range. 

6. The method of claim 1, wherein said first temperature 
range is from 1000 to 1100° C. 

7. The method of claim 1, wherein said second temperature 
range is from 700 to 1000° C. 

8. The method of claim 1, wherein said n-type contact layer 
comprises GaN grown at a rate in the range of 1.5 to 3 um/hr 
and with a silicon doping density in the range of 1E17 to 1E19 
cm. 

9. The method of claim 1, wherein said compliance layer 
comprises InGaN whereinx is in the range of 0 to 0.20 and 
the Si doping density is in the range of 1E17 to 1E19 cm. 

10. The method of claim 1, wherein said n-type waveguid 
ing element comprises an n-type AlGaN/GaN strained 
layer superlattice (SLS). 

11. The method of claim 10, wherein said n-type AlGa. 
AN/GaN SLS has x in the range of 0.1 to 0.3 and wherein said 
GaN layers have a Si doping density in the range of 1E17 to 
1E19 cm. 

12. The method of claim 1, wherein said n-type SCH com 
prises GaN grown at a rate in the range of 0.5 to 2 A/s with a 
Sidoping density in the range of 1E17 to 1E18 cm. 

13. The method of claim 1, wherein said n-type SCH has a 
thickness in the range of 0.07 to 0.15 um. 

14. The method of claim 1, wherein said active region 
comprises an In, Ga., N/In, GaN multiple quantum well 
stack with x in the range of 0.8 to 0.12, and y in the range of 
0 to 0.04, and a growth rate in the range of 0.3 to 0.6 A/s. 

15. The method of claim 1, wherein said active region 
comprises three quantum wells with Surrounding barrier lay 
ers, the width of each said quantum well in the range of 3-5 
nm, and each barrier layer width in the range of 4-8 nm. 

16. The method of claim 1, wherein said p-type SCH com 
prises GaN grown at a rate in the range of 1-2 A/S with a Mg 
doping density of 1E18 to 5E19 cm-3 and a thickness in the 
range of 0.07 to 0.15um. 

17. The method of claim 1, wherein said p-type waveguid 
ing element comprises a p-type AlGaN/GaN strained 
layer superlattice (SLS) with x in the range of 0.1 to 0.3 and 
said GaN is Mg doped at a density in the range of 8E18 to 
5E19 cm. 

18. The method of claim 17, wherein the growth rate of said 
p-type SLS is in the range of 0.5 to 1 A/s. 

19. The method of claim 4, wherein said p-type contact 
layer comprises p-type GaN doped with a Mg doping density 
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in the range of 1E19 to 5E20 cm, grown atarate in the range 
of 0.5 to 2 A/s to a thickness in the range of 20 to 50 nm. 

20. The method of claim 4, wherein said p-type contact 
layer is grown with a ramp-up in doping density. 

21. The method of claim 4, wherein said p-type contact 
layer is grown with a ramp-up in doping density. 

22. The method of claim 1, further comprising growing a 
p-type electron blocking layer on said active region at prior to 
growing said p-type SCH. 

23. The method of claim 22, wherein said blocking layer 
comprises p-type AlGaN, where X is in the range of 0.15 to 
0.25, having an Mg doping in the range of 7E18 to 3E19 cm 
and a thickness in the range of 15-25 nm. 

24. A method for fabricating a Group-III nitride laser 
diode, comprising: 

growing an n-type contact layer on a Substrate at a tem 
perature within a first growth temperature range; 

growing an n-type compliance layer on said n-type contact 
layer at a temperature within a second growth tempera 
ture range that is lower than said first growth tempera 
ture; 
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growing a cap layer on said compliance layer at a tempera 

ture in said second temperature range to protect said 
compliance layer from temperatures in said first tem 
perature range used to grow Subsequent layers; 

growing an n-type waveguiding element and on said cap 
layer at a temperature within said first growth tempera 
ture range, said waveguiding element grown with a 
higher index of refraction compared to laser diodes 
without said compliance layer; 

growing an n-type separate confinement heterostructure 
(SCH) on said n-type waveguiding element; 

growing an active region on said n-type SCH: 
growing a p-type SCH on said active region; 
growing a p-type waveguiding element on said p-type 
SCH; and 

growing a p-type electron blocking layer on said active 
region at prior to growing said p-type SCH, wherein the 
first 1-10 nm of said blocking layer is grown at a tem 
perature within said second growth temperature range, 
and the remaining of said blocking layer is grown at a 
temperature within said first growth temperature range. 

k k k k k 


